Plant cell walls undergo dynamic structural and chemical changes during plant development and growth. Floral organ abscission and lateral root emergence are both accompanied by cell-wall remodeling, which involves the INFLORESCENCE DEFICIENT IN ABSCISSION (IDA)-derived peptide and its receptors, HAESA (HAE) and HAESA-LIKE2 (HSL2). Plant cell walls also act as barriers against pathogenic invaders. Thus, the cell-wall remodeling during plant development could have an influence on plant resistance to phytopathogens. Here, we identified IDA-like 6 (IDL6), a gene that is prominently expressed in Arabidopsis leaves. IDL6 expression in Arabidopsis leaves is significantly upregulated when the plant is suffering from attacks of the bacterial Pseudomonas syringae pv. tomato (Pst) DC3000. IDL6 overexpression and knockdown lines respectively decrease and increase the Arabidopsis resistance to Pst DC3000, indicating that the gene promotes the Arabidopsis susceptibility to Pst DC3000. Moreover, IDL6 promotes the expression of a polygalacturonase (PG) gene, ADPG2, and increases PG activity in Arabidopsis leaves, which in turn reduces leaf pectin content and leaf robustness. ADPG2 overexpression restrains Arabidopsis resistance to Pst DC3000, whereas ADPG2 loss-of-function mutants increase the resistance to the bacterium. Pst DC3000 infection elevates the ADPG2 expression partially through HAE and HSL2. Taken together, our results suggest that IDL6-HAE/HSL2 facilitates the ingress of Pst DC3000 by promoting pectin degradation in Arabidopsis leaves, and Pst DC3000 might enhance its infection by manipulating the IDL6-HAE/HSL2-ADPG2 signaling pathway.
INTRODUCTION
As a central source of carbon on earth, plants suffer from attacks of various pathogens, which propagate in plant intercellular spaces and penetrate the plant apoplast for acquiring intracellular nutrients. As hosts of pathogens, plants have evolved sophisticated defense strategies to resist the invasion of pathogens. Among these defense strategies, plant cell walls represent prominent physical barriers to hinder pathogen invasion.
The plant cell wall commonly includes two categories: the primary wall and the secondary wall. All plant cells are surrounded with primary cell walls, while only plant cells in some specialized tissues start to produce secondary cell walls when primary cell walls are completely developed and cells have stopped expanding. The major components in primary plant cell walls are cellulose polysaccharides. A collection of b-1,4-linked glucan chains interact with each other via hydrogen bonds to form cellulose microfibrils. Cellulose microfibrils are embedded in cell-wall matrix that contains hemicelluloses and pectins and represents as the middle lamella of plant cell wall. Hemicellulose polysaccharides, mainly including xyloglucans in dicots, link cellulose microfibrils to form cellulose-hemicellulose networks.
Pectin consists of a diverse group of polysaccharides. Homogalacturonan (HG), a linear polymer of a-1,4-linked galacturonic acid (GalA), represents the most abundant pectic polysaccharide. In addition, plant cell walls also contain many proteins, including various enzymes and structural proteins (Zablackis et al., 1995; Mohnen, 2008; Keegstra, 2010; Liepman et al., 2010) .
The importance of plant cell walls in resistance against pathogens was initially evidenced by the findings that pathogens employ cell-wall-degrading enzymes (CWDEs) as virulence factors (Kubicek et al., 2014) . A great number of virulence-related CWDEs have been shown to be involved in pectin digestion. For example, multiple fungal pathogens, like Botrytis cinerea, Aspergillus flavus, Claviceps purpurea and Alternaria citri, produce polygalacturonases (PGs), which depolymerize the HG domain of pectin and cause cell-wall decomposition. Other CWDEs, such as cellulase and xylanase, which, respectively, degrade the wall cellulose and hemicellulose, are also produced by pathogens to promote their successful infection (Van Den Brink and De Vries, 2011; Blanco-Ulate et al., 2014; Kubicek et al., 2014) .
During the natural plant developmental programs, plant CWDEs and cell-wall-related proteins are required for the biosynthesis, degradation or remodeling of the wall polysaccharides. In many cases, pathogen infection changes the expression of these proteins, which in turn affects the plant resistance (Hok et al., 2010) . For example, tomato fruit susceptibility to Colletotrichum gloeosporoides and B. cinerea is significantly reduced by simultaneously suppressing the expression of a PG gene and an expansin gene, both of which are induced by these pathogens during their infection in fruits (Cantu et al., 2009) . Powdery Mildew Resistant5 (PMR5) and PMR6, two Arabidopsis pectin-related genes, are induced in response to pathogens and required for the susceptibility to Golovinomyces cichoracearum and Golovinomyces orontii (Vogel et al., 2002 (Vogel et al., , 2004 . It was recently reported that Pseudomonas syringae pv maculicola (Pma) ES4326 repressed the expression of glucuronate 4-epimerase1 (GAE1) and GAE6 genes, which catalyze the biosynthesis of GalA in Arabidopsis. Importantly, Arabidopsis both gae6 single and gae1/gae6 double mutants show less resistance to Pma ES4326. Also, Arabidopsis gae1/gae6 double mutant plants display less resistance to specific B. cinerea isolates (Bethke et al., 2016) .
Once pathogens come in contact with plant cells, they are recognized by plant plasma membrane-localized pattern recognition receptors (PRRs). PRRs specifically recognize pathogen-associated molecular patterns (PAMPs) and trigger plant resistance, which is termed pattern-triggered immunity (PTI; Jones and Dangl, 2006) . Arabidopsis FLAGELLIN SENSING 2 (FLS2), a well-documented PRR, can directly bind the flg22 motif present in various bacterial flagellin (Gomez-Gomez and Boller, 2000; Chinchilla et al., 2006) . In addition, Arabidopsis RBPG1/RLP42 recognizes PGs from B. cinerea isolates ; tomato (Solanum lycopersicum) LeEIX2 perceives ethylene-inducing xylanase (EIX) from Trichoderma species (Ron and Avni, 2004) . Multiple Lysin-motif (LysM) receptors recognize structural components of bacterial and fungal cell walls, such as peptidoglycan and chitin (Kaku et al., 2006; Miya et al., 2007; Wan et al., 2008; Shimizu et al., 2010; Willmann et al., 2011; Liu et al., 2012; Cao et al., 2014) .
Phytohormones, mainly including salicylic acid (SA), jasmonic acid (JA) and ethylene (ET), play crucial roles in the plant immune regulation. It is generally believed that SA is primarily involved in the immune response against biotrophs and hemibiotrophs, whereas JA and ET modulate the immune responses against necrotrophs (Pieterse et al., 2012) . Apart from the classic phytohormones, peptides, as one important kind of signaling molecule, are also involved in the regulation of the plant immunity. For example, the secreted peptide phytosulfokine and PSY1 could attenuate PTI responses and affect the Arabidopsis resistance to both biotrophic and necrotrophic pathogens (Igarashi et al., 2012; Hartmann et al., 2013; Mosher et al., 2013; Shen and Diener, 2013; Hammes, 2016) . The PAMPinduced Peptide1 (PIP1), another Arabidopsis secreted peptide, is recognized by its receptor RLK7 and activates PTI responses (Hou et al., 2014) . The peptide elicitor 1 (Pep1) and ortholog peptides were found to activate PTI responses and modulate SA-, JA-and ET-mediated signaling pathways upon the perception by their receptors PEPR1 and PEPR2 (Huffaker and Ryan, 2007; Liu et al., 2013; Tintor et al., 2013; Ross et al., 2014) .
A peptide derived from C-terminus of a small secreted protein INFLORESCENCE DEFICIENT IN ABSCISSION (IDA) was suggested to control floral organ abscission and lateral root emergence via its receptor HAESA (HAE) and HAESA-LIKE2 (HSL2; Butenko et al., 2003; Stenvik et al., 2008; Kumpf et al., 2013) . In these two processes, IDA-HAE/HSL2 promotes the expression of various CWDEs, especially PGs, and leads to the breakdown of the middle lamella and cell-wall dissociation at floral organ abscission zones (AZs) and lateral root emergence zones (Stenvik et al., 2008; Kumpf et al., 2013; Niederhuth et al., 2013) . In Arabidopsis thaliana, at least another seven IDA homologs, called IDA-LIKE (IDL) 1-7, were identified according to the sequence similarity in their Cterminus (Stenvik et al., 2008) . In this study, we indicate that an IDA family member, IDL6, promotes the susceptibility to Pst DC3000 and the pectin digestion in leaves, and HAE and HSL2 additively act downstream of IDL6 to control both processes. Our current findings suggest strong relationships between pectin content and disease resistance against Pst DC3000.
RESULTS

IDL6 expression is upregulated by PAMP treatment and Pst DC3000 infection
Using in-silico analysis of Arabidopsis genes, we identified a gene encoding a putative secreted peptide precursor (At5g05300), which is upregulated by pathogen infection or PAMP treatments (Hou et al., 2014) . The putative secreted peptide precursor was named IDA-like6 (IDL6) in a recent published report (Vie et al., 2015) , because it contains a highly similar C-terminal PIP motif with IDA family proteins (Butenko et al., 2014) .
Publicly available data indicated that IDL6 is upregulated by multiple PAMPs, such as flg22, HrpZ and NPP, and more than one pathogen, including hemibiotrophic bacterial P. syringae and necrotrophic fungal B. cinerea ( Figure 1a) . To test the in-silico information, we isolated mRNA of Arabidopsis seedlings post-induction with flg22 for gradient time and detected the gene transcripts with quantitative real-time reverse transcription PCR (qRT-PCR). We found that IDL6 transcripts significantly increase at 20 min post-induction (mpi), and reach a maximum (more than 60-fold) at 30-60 mpi with flg22 ( Figure 1b) . Analysis of the gene transcription in adult Arabidopsis rosette leaves suffering from Pst DC3000 infection indicated that IDL6 transcripts increase up to 20-fold at 48 h post-incubation with the bacterium (Figure 1c ).
IDL6 prominently expresses in Arabidopsis rosette leaves
To determine the tissue-specific expression pattern of IDL6, a transfer-DNA (T-DNA) vector carrying the IDL6 promoter fragment in front of the b-glucuronidase (GUS) gene was constructed and used to transform A. thaliana. IDL6 (c) IDL6 transcription in leaves in response to treatments with MgCl 2 or Pst DC3000 infection. The leaves of 4-week-old Arabidopsis were syringe-infiltrated with 10 mM MgCl 2 or 2 9 10 5 CFU mL À1 Pst DC3000, and then were collected for RNA extraction and qRT-PCR analyses. Error bars represent standard deviations of three biological replicates. *Indicates significant difference from MgCl 2 treatment at P < 0.01 (Student's t-test). Two or more independent experiments produced comparable results.
expression was determined by analysis of the GUS activity in transgenic Arabidopsis seedlings carrying IDL6p::GUS. In contrast to IDA, which is specifically expressed in hydathodes, floral organ AZs, and cells around lateral root emergence zones (Stenvik et al., 2008; Kumpf et al., 2013; Figure 2a-d) , IDL6 is mainly expressed in leaves, vascular To further analyze the IDL6 expression in rosette leaves during the development of Arabidopsis, we extracted mRNA from rosette leaves with different developmental stages of 4-5-week-old Arabidopsis as indicated in Figure 2i , and detected IDL6 transcripts with qRT-PCR. Dynamic changes of IDL6 gene expression were observed during the development of the rosette leaves. Gradual increase of IDL6 expression was observed from immature rosette leaves to just fully expanded leaves (leafs #1-8), then a sudden decreased level of expression was observed for the leaves that were fully expended for some time (leafs #9 and 10), and again a gradual increased level of expression was observed for the leaves that tend to senescence (leafs #11 and 12; Figure 2i and j).
IDL6 contributes to the susceptibility to Pst DC3000 Because the IDL6 transcription was significantly upregulated by pathogens and PAMPs, we supposed that the gene could play a role in Arabidopsis resistance to pathogens. To test this hypothesis, we generated two individual Arabidopsis transgenic lines (IDL6 OE #1 and #3) overexpressing IDL6 under the control of the Cauliflower Mosaic Virus (CaMV) 35S promoter ( Figure 3a) . The other three IDL6 homologs, IDL2, IDL3 and IDL7, could also be detected in Arabidopsis rosette leaves ( Figure S1a ), but their transcripts did not show a significant difference between IDL6 OE and wild-type (Wt) plants . The resistance to Pst DC3000 was compared between Arabidopsis Wt and IDL6 OE . It was observed that the IDL6 OE plants displayed more severe disease symptoms than did Wt (Figure 3b) , and supported the growth of a greater number of the bacterium (Figure 3c ). Because SA plays critical roles in Arabidopsis resistance to Pst DC3000, the transcription of PR1, a marker gene of the SA signaling pathway, was compared between Wt and IDL6 OE when Pst DC3000 infection. It was demonstrated that IDL6 OE plants have significantly lower levels of PR1 transcripts than Wt (Figure 3d ).
Because of no available loss-of-function mutants of IDL6, we knocked-down the gene by the hairpin RNAmediated gene silencing, and obtained two individual lines (IDL6 KD #1 and #5) with significantly reduced transcripts of IDL6 ( Figure 3e ) instead of IDL2, IDL3 and IDL7 . In contrast to Wt, the IDL6 KD plants developed milder disease symptoms and supported the growth of fewer bacteria than did Wt at 3 days post-incubation with Pst DC3000 (Figure 3b and f). Additionally, IDL6 KD (a, c-g) *Indicates significant difference from the mock treatment at P < 0.01 (Student's t-test). Two or more independent experiments produced comparable results. displayed a higher level of PR1 transcripts than Wt when Pst DC3000 infection (Figure 3g ).
IDL6 contributes to ARABIDOPSIS DEHISCENCE ZONE POLYGALACTURONASE2 (ADPG2) expression in Arabidopsis leaves
It was demonstrated that IDL6 OE , similar to IDA overexpression plants, developed a premature phenotype of floral organ AZs ( Figure S2 ). This prompted us to hypothesize that IDL6, as a homolog protein of IDA, might work in a similar way to that of IDA. However, IDL6 KD , different from ida mutant, exhibited normal development of floral organ AZs ( Figure S2 ), suggesting that IDL6 could share a similar functional mechanism but determine different physiological phenotypes from IDA. It was also indicated that IDL6 overexpression causes a dwarf phenotype, while IDL6 known-down promotes Arabidopsis growth (Figure 4a and b). The leaves of IDL6 OE exhibit morphologies of small size, downward curling, and smooth surface with few numbers of trichomes. In contrast, IDL6 KD leaves are not significantly different from Wt, except for a little larger in size (Figure 4a ). ADPG2 was involved in IDA-controlled cell-wall modification during the process of lateral root emergence (Kumpf et al., 2013) , and the gene was also expressed in Arabidopsis leaves (Gonzalez-Carranza et al., 2007) . We detected the transcriptional level of ADPG2 in Arabidopsis leaves and found that it is higher in IDL6 OE but lower in IDL6 KD than that in Wt plants (Figure 4c ). ADPG2 has been confirmed to be an active PG by an in vitro assay (Ogawa et al., 2009) . The PG activities in IDL6 OE and IDL6 KD plants are shown to be higher and lower than Wt, correspondingly (Figure 4d ). Our data also indicated that the two known functional genes for xyloglucan polymer modification and cell-wall loosing, XTH22/TCH4 (XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE22) (Xu et al., 1995) and XTH23/XTR6 (XYLOGLUCAN ENDOTRANSGLY-COSYLASE6) (Kumpf et al., 2013) , were also increased in IDL6 OE plants ( Figure S3 ).
Pectin contents are decreased in IDL6 OE leaves but increased in IDL6 KD leaves
As an active PG, ADPG2 could specifically cleave a-1,4-glycosidic linkages in polygalactronic acid, a polymer that constitutes the main chain of the HG region in pectin (Ogawa et al., 2009) . To investigate whether the pectic component is altered in IDL6 OE and IDL6 KD lines, dot blot analyses were performed using LM19 and LM20 antibodies, which have been shown to specifically recognize HG (Verhertbruggen et al., 2009) to detect the HG content in the various genotypes. It was demonstrated that the HG content is lower in IDL6 OE but higher in IDL6 KD (Figure 5a and b) when HG content detection was examined using LM19 antibody, which specifically binds to nonesterified pectic HG (Malinovsky et al., 2014) . In contrast, the HG content is still reduced in IDL6 OE plants, but no difference was observed in IDL6 KD (Figure 5a and c) when HG content detection was examined using LM20 antibody, which is specific to high methylester pectic HG. It seems to be reasonable because PGs preferentially cleave non-esterified HG (Malinovsky et al., 2014) .
Pectin connects cell walls of the neighboring cells and thus determines the integrity of plant tissues (Mohnen, 2008) . To investigate whether the alteration of pectin content in IDL6 OE and IDL6 KD has some affect on the robustness of Arabidopsis leaves, the tensile force needed to break a 3-mm-wide leaf strip was measured using a miniature tensionmeter as shown in Figure 5d . It was shown that the breaking strength of the leaf strip from IDL6 OE plants was significantly lower than that from Wt and IDL6 KD , but no significant difference was detected between the later two backgrounds (Figure 5e ).
IDL6 promotes ADPG2 transcription in HAE-and HSL2-dependent manners
In Arabidopsis, two close homolog LRR-RLKs, HAE and HSL2, act as receptors of IDA-derived peptide and are responsible for IDA function in floral organ abscission (Stenvik et al., 2008; Santiago et al., 2016) . It was observed that transcripts of all the three genes are detectable in Arabidopsis rosette leaves. In addition, the transcription of HAE and HSL2, but not HSL1, like that of IDL6, gradually increases as the rosette leaf matures ( Figure S4 ). The HAE transcripts also increase in Arabidopsis leaves when infected with Pst DC3000 (Figure S5 ). Therefore, we postulated that IDL6 function in leaves could rely on HAE and HSL2.
To test the hypothesis, IDL6 OE was, respectively, crossed with hae, hsl2 single mutants, and hae/hsl2 double mutant. It was observed that abnormally developed leaves and enlarged AZs are still retained in both IDL6 OE hae and IDL6 OE hsl2 plants ( Figure S6a and b) , whereas the developmental phenotypes are less pronounced than those of IDL6 OE . In contrast, abnormal development of rosette leaves in IDL6 OE is completely rescued by hae/hsl2 double mutation (Figure 6a and b) . Furthermore, IDL6 OE hae/hsl2 plants were also deficient in floral organ abscission as hae/ hsl2 ( Figure S6d ). In addition, the increased expression of ADPG2 in IDL6 OE was only partially rescued by single mutation of hae or hsl2 (Figure S6c ), but completely reversed by hae/hsl2 double mutation (Figure 6c ). To test whether IDL6-conferred Pst DC3000 susceptibility also relies on HAE and HSL2, the bacterial growth in Arabidopsis leaves was compared between the different genotypes. It was observed that the resistance to Pst DC3000 in two IDL6 OE hae/hsl2 lines is the same as the hae/hsl2 line but stronger than Wt (Figure 6d ). In conclusion, HAE and HSL2 act additively downstream of IDL6 to influence ADPG2 transcription and Pst DC3000 resistance in leaves. 
HAE-and HSL2-dependent ADPG2 transcription contributes to Pst DC3000 infection
To determine whether the increase of ADPG2 transcription is responsible for the susceptibility conferred by IDL6-HAE/ HSL2, we generated two individual Arabidopsis lines overexpressing ADPG2 (Figure 7a) , and analyzed their resistance to Pst DC3000. Both ADPG2 overexpression lines (ADPG2 OE ) are less resistant to the bacterium (Figure 7b) . We also compared the resistance to Pst DC3000 between Wt and adpg2-1, a loss-of-function mutant of ADPG2. Our results demonstrated that adpg2-1 is more resistant to the bacterium than Wt (Figure 7c ).
ADPG2 transcriptional level significantly increases in Arabidopsis leaves 12-72 h post-inoculation with Pst DC3000, as indicated in our analyses and publicly available database (Figures 7d and S7 ). We also indicated that ADPG2 transcription level was attenuated by HAE and HSL2 mutation no matter whether the plants have been treated with Pst DC3000. Therefore, it was suggested that HAE/HSL2 is not only needed for a basic expression of ADPG2, but also to mediate an upregulation of gene expression when Pst DC3000 infection.
DISCUSSION
During the past decade, several research groups have identified peptides as key signaling molecules that regulate various cellular processes in plants (Matsubayashi, 2014) . IDA is a well-documented secreted peptide precursor that was first identified in Arabidopsis via genetic screen (Butenko et al., 2003) . A great deal of research has indicated that IDA controls floral organ abscission and lateral emergence. In this study, we found that an IDA paralogous gene, IDL6, contributes to the susceptibility of Arabidopsis to the biotrophic bacterial pathogen Pst DC3000. The function of IDL6 on Arabidopsis susceptibility to Pst DC3000 is closely related to HAE-and HSL2-mediated pectin degradation.
For controlling the process of floral organ abscission, HAE and HSL2 act as receptors of IDA peptide and are functionally complementary (Butenko et al., 2014; Santiago et al., 2016) . Here, we provide the following evidence that suggests that HAE and HSL2 play additive roles downstream of IDL6 in Arabidopsis leaves. (i) IDA and IDL6 share highly similar C-terminus with each other (Vie et al., 2015) . (ii) HAE and HSL2 have expression patterns similar to IDL6 during the development of the rosette leaf (Figure 6d ). It was demonstrated that IDA-HAE/HSL2 changes the expression of cellwall remodeling enzymes during floral abscission (Kumpf et al., 2013; Niederhuth et al., 2013) . In our studies, overexpression of IDL6 leads to a premature floral organ AZ as does IDA, indicating that IDL6 plays a similar role to IDA in the regulation of the cell-wall remodeling. However, different from IDA, IDL6 prominently expresses in leaves (Figure 2) . Previously, ADPG2 was indicated to be expressed in roots, floral organ AZs and mature siliques, and was required for cell separation during reproductive development of Arabidopsis (Ogawa et al., 2009) . Our study showed that ADPG2 also is expressed in Arabidopsis rosette leaves, as indicated in a previous report (GonzalezCarranza et al., 2007) . The expression of the PG gene in leaves is elevated by IDL6 overexpression in HAE/HSL2-dependent manners, and pectin contents decrease and increase, respectively, in IDL6 OE and IDL6 KD leaves. Therefore, we conclude that IDL6-HAE/HSL2 promotes ADPG2 expression and pectin degradation in leaves. Furthermore, we noticed that the transcript levels of IDL6, HAE and HSL2 gradually increase before leaves fully developed, suggesting that IDL6-HAE/HSL2 influences ADPG2 expression and pectin degradation during the natural development of rosette leaves.
In this study, IDL6 OE and ADPG2 overexpression lines exhibit reduced resistance to Pst DC3000. On the other hand, IDL6 KD , adpg2-1 and hae/hsl2 double mutants show elevated resistance to the pathogens. Hence, the cascade of HAE/HSL2-ADPG2 in control of pectin degradation was thought to be related to IDL6-regulated Arabidopsis susceptibility to Pst DC3000. It was widely thought that pectin and other cell-wall components acted physical barriers that play important roles in defending against fungal pathogens, especially fungal necrotrophs, because fungal hyphae mainly penetrate into plant tissues by releasing CWDEs (Hugouvieux et al., 1998; Kubicek et al., 2014) . Meanwhile, studies on the roles of plant cell walls in resistance to bacterial pathogens have been widely reported. For examples, overexpressing EXT1, a gene that encodes cell-wall structural protein extension, limits Pst DC3000 invasion in Arabidopsis (Wei and Shirsat, 2006) , and the disruption of genes involved in the biosynthesis of GalA and pectin in Arabidopsis made Arabidopsis more susceptible to Pma ES4326 (Bethke et al., 2016) . Our findings suggest that pectin degradation may be a critical factor that determines IDL6-mediated Arabidopsis susceptibility to Pst DC3000. Pectin serves as a major component of extracellular matrix, where Pst DC3000 acquires nutrients for its proliferation. We propose that disassembly of pectin polysaccharides by increased PG activity might reduce the relative viscosity of the matrix and thus facilitate the mobilization of the bacterial pathogen on one hand, and offer more appropriate nutritional substrates for invading pathogens on the other. Furthermore, Gram-negative bacterial pathogens, such as P. syringae, promote their invasion by assembling a type III secretion system that penetrates plant cell walls and plasma membranes, and injects virulence factors into host cell cytosol (Collmer et al., 2000; Jin and He, 2001; Grant et al., 2006) . The reduction of pectin content in plant cell walls could facilitate Pst DC3000 to construct the type III secretion system and inject virulence proteins into plant cells. Except for ADPG2, XTH22/TCH4 and XTH23/XTR6, the two genes encoding enzymes in modifying xyloglucan polymers, were also increased in IDL6 overexpression lines ( Figure S3 ). Modification of xyloglucan polymers is essential for the strength and extensibility of cell wall. Consequently, IDL6 could control leaf cell-wall modification not only by influencing pectin contents but also the other components of cell walls. Next, it is worthy to investigate whether cell-wall modification by these enzymes influences Arabidopsis resistance to pathogens.
To counteract the plant defense system, plant pathogens have evolved abilities to enhance the virulence by hijacking or mimicking the plant signaling system. For instance, various strains of P. syringae produce coronatine, a phytotoxin that structurally resembles functional active JA derivatives JA-isoleucine, to mimic JA signaling and thereby suppress SA-mediated defense (Koornneef and Pieterse, 2008) . Some bacterial and fungal pathogens, such as Xanthomonas axonopodis and Verticillium strains, produce plant natriuretic peptides, which can affect water and ion homeostasis of hosts, thereby contributing to increased sap stream in the xylem and accelerated host colonization (Gottig et al., 2008) . Cell-wall remodeling is essential for parasitic nematode successful infestation in plant roots (Bohlmann and Sobczak, 2014) . It was indicated that IDL genes are expressed greatly in root-knot nematode Meloidogyne incognita soon after root infection, strongly implying a role of IDL role in plant-microbe interaction (Tucker and Yang, 2013) . Although Pst DC3000 does not encode IDL gene, the pathogen invasion increases IDL6, HAE and HAE/HSL2-dependent ADPG2 expression (Figures 1c, 7e and S5) . Thus, Pst DC3000 could have acquired the ability to facilitate its infection by hijacking the IDL6 signaling pathway to remodel plant cell walls (Figure 7f ). This is also reminiscent of the finding that Arabidopsis RALFL8, a gene encoding another peptide, was upregulated and co-expressed with some plant CWDEs when plants were suffering from dual stresses of nematode infection and water deficit (Atkinson et al., 2013) . Furthermore, another IDL gene, IDL7, was reported to be greatly induced by Pst DC3000 infection in Arabidopsis, suggesting that IDL6 might act together with IDL7 to control cell-wall modification when Pst DC3000 infection.
Apart from being physical barriers, serving as resources of signal molecules is another important function of extracellular matrix components in plant resistance to pathogens. It was suggested that sensing and signaling systems exist in plants to monitor the structure and integrity of cell walls (Ringli, 2010) . One of the monitoring systems is that Arabidopsis employs the receptor Wall Associated Kinase1 (WAK1) to perceive oligogalacturonides (OGs), which is released by partial hydrolysis of HG, to initiate resistance against fungal pathogen B. cinerea and bacterial Pst DC3000 (Brutus et al., 2010; Ferrari et al., 2013; Benedetti et al., 2015) . The release of elicitor-active OGs with a degree of polymerization between 10 and 15 was thought to be promoted by plant-encoded PG-inhibiting proteins (PGIPs), which block the complete hydrolysis of HG to GalA during pathogen infection (Benedetti et al., 2015) . In view of this, it is possible that excessive PG in IDL6 overexpression plants incline to disassemble HG to smaller fragments of OGs, which cannot be perceived as elicitors to activate resistance responses.
Plant hormones play critical roles in plant resistance to pathogens. A large number of mutants of cell-wall-related genes alter the production of plant resistance-related hormones or reprogram plant hormone signaling (Ellis et al., 2002; Cano-Delgado et al., 2003; Nishimura et al., 2003; Vega-Sanchez et al., 2012) . In our study, IDL6 overexpression and IDL6 silencing decreases and increases PR1 expression, respectively, upon Pst DC3000 infection, indicating that SA-mediated resistance was suppressed by IDL6 (Figure 3d and g ). The susceptibility to Pst DC3000 caused by IDL6 overexpression is completely reversed by hae/hsl2 mutation, suggesting that the suppression of SA signaling by IDL6 is dependent on HAE/HSL2 (Figure 7f ). It was reported that the absence of IDA in Arabidopsis promotes the expression of SOBIR1/EVR, a receptor-like kinase that was confirmed not only to activate SA-mediated resistance but also to inhibit HAE-and HSL2-controlled floral organ abscission (Leslie et al., 2010; Liljegren, 2012; Gubert and Liljegren, 2014) . The data imply that the cell-wall-remodeling process regulated by IDL6-HAE/HSL2 could antagonize SOBIR1/EVRmediated SA signaling by reducing the expression of SOBIR1/EVR. However, reports also indicated that modifications of plant cell walls could activate specific defensive pathways independent of SA, ET and JA signaling. For example, the reduced susceptibility of pmr5, pmr6 and irx/cesa mutants to pathogens was SA-, ET-and JAindependent (Vogel et al., 2002 (Vogel et al., , 2004 Hernandez-Blanco et al., 2007) . Thus, it is also possible that the suppression of the SA signaling pathway and the promotion of cellwall remodeling are two independent processes downstream of IDL6.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
In addition to the standard Wt A. thaliana ecotype Col-0, the following T-DNA mutants were used: hae (salk_021905C), hsl2 (salk_030520C) (Butenko et al., 2003) and adpg2-1 (salk_035098C) (Ogawa et al., 2009) . The double mutant hae/hsl2 and IDAp:: GUS have been described elsewhere (Stenvik et al., 2008; Kumpf et al., 2013) . Seeds were germinated on half-strength Murashige and Skoog (1/2 MS) medium containing 1% w/v sucrose and 0.8% (w/v) agar for 7-8 days, subsequently seedlings were transplanted into soil and grown for a further 4-5 weeks under a 10 h photoperiod (140 lE m À2 s À1 ) and a constant temperature of 22°C.
Constructs and Arabidopsis transformation
IDL6 and ADPG2 coding sequences were PCR-amplified using locus-specific primers from A. thaliana genomic DNA and cDNA, respectively, and the products were separately inserted into pCAMBIA1300-HA vector downstream of the CaMV 35S promoter to generate 35S::IDL6 and 35S::ADPG2 constructs. IDL6 genomic sequence was PCR-amplified and inserted into two flanks of a rice intron of the pTCK303 vector to generate a hairpin RNA-mediated gene silencing construct. An 860-bp fragment upstream of the IDL6 start codon was amplified from A. thaliana genomic DNA and cloned into the pGFPGUSplus vector (Vickers et al., 2007) to construct IDL6p::GUS. All the sequences of primers are listed in Table S1 . The binary constructs were transformed into the Agrobacterium tumefaciens strain GV3101. Agrobacterium tumefaciens-mediated transformation was performed as described previously (Logemann et al., 2006) .
GUS staining
The activity of the IDL6::GUS transgene was tracked by using a standard GUS-based histochemical method, as described previously (Hou et al., 2014) . Stained samples were cleared in 70% ethanol and observed on an Olympus BX53 microscope.
qRT-PCR analysis
To analyze transcript levels, total RNA was extracted from plant tissues by Trizol regent (Invitrogen, Waltham, MA, USA), as described in the manufacturer's instructions. Two micrograms of RNA were reverse transcribed by using RevertAid TM First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, MA, USA). qRT-PCR reactions were performed by using SYBR green (Roche, Indianapolis, IN, USA). Details of all PCR primers are given in Table S1 .
Leaf strip breaking strength measurement
Fully expanded leaves of 4-5-week-old plants were longitudinally cut to obtain leaf strips that were 3 mm wide and 10 mm long for analysis. The force that is required for breaking a leaf strip was measured using a miniature tensimeter. Breaking strength was analyzed from more than 20 leaf strips cut from at least 10 different leaves.
PG activity determination
Three-four fully expanded rosette leaves were pulverized in liquid nitrogen, and proteins were extracted using extraction buffer (1 M NaCl, 12.5 mM citric acid, 50 mM Na 2 HPO 4 , 0.02% sodium azide, 1 9 protease inhibitor 1:100 v/v (Roche), pH 6.5 at a ratio of 2 mL per g of tissue. The homogenate was centrifuged at 16 000 g for 10 min at 4°C, and supernatant as enzyme extract was transferred to a new tube on ice for further assays. The protein concentration in the supernatant was determined using the Bradford assay with bovine serum albumin as standard (Bradford, 1976) . PG activity of the enzyme extract was measured using a Plant PG Activity Assay KIT (Genmed Scientific, Shanghai, China). In order to generate inactive enzyme extracts and to compare the PG activity between active and inactive enzyme extracts, 20 lL of the enzyme extract was incubated in boiling water for 10 min before performing the enzyme assay. Twenty microliters of the enzyme extract (or inactive enzyme extract) was mixed with 80 lL assay solution containing 2% polygalacturonic acid. Next, the mixture was incubated at 40°C for 30 min, and then was added to 100 uL of 3,5-dinitrosalicylic acid. The mixture was blended and kept in boiling water for 5 min, and subsequently transferred into an ice bath for cooling. The absorption value of the final solution was measured at 540 nm in a 96-well plate. The PG activity was calculated using the formula indicated below. One unit of the PG activity was defined as 1 mg of GalA catalyzed by 1 mg of protein per hour.
PG activityðUmg
À1 Þ ¼ ð259:06 Â ðA À A control Þ þ 0:1537Þ=C protein
Pectin isolation
Pectin was isolated from Arabidopsis leaves by using a method described previously (Gille et al., 2009) . In brief, four-five fully expanded leaves were harvested from 4-week-old Arabidopsis, and pulverized in liquid nitrogen. The powder of leaf tissue was washed twice using 70% (v/v) ethanol, and three times using a solution of chloroform and methanol (1:1). The precipitate was collected by centrifugation at 10 000 g for 10 min. The insoluble residue was air-dried. Pectin was extracted from the insoluble residue by incubating in extraction buffer (50 mM Trizma, 50 mM CDTA, pH 7.2) at 95°C for 15 min. Five microliters of extraction buffer was used per mg of fresh leaves. The debris was removed by centrifugation at 10 000 g for 10 min.
Immunoblot assay
Immunoblot assay was performed as described previously (Bethke et al., 2016) . In brief, pectin solution was serially diluted, and 1 uL of the diluted solutions was spotted on nitrocellulose membranes. The membranes were dried out and blocked with the incubation buffer [1 9 PBS adding 5% (w/v) milk powder] for 2 h and then washed in a washing buffer [incubation buffer adding 0.2% (v/v) Tween-20] three times. The membranes were incubated in the incubation buffer containing primary antibody (1:250 dilution; LM19 or LM20; Verhertbruggen et al., 2009) for another 2 h. Then, the membranes were washed with the washing buffer and subsequently the membranes were incubated with secondary antibody, anti-Mouse IgG HRP conjugate (Promega W402B, 1:2500 dilution). The immunoblots were imaged using the ECL system (Thermo Scientific) according to the manufacturer's instructions. The signals of the immunoblots were captured by using a CCD camera and intensities were measured using Image J software.
Pathogen inoculations and quantification
Pst DC3000 inoculation assay was performed as described previously (Zipfel et al., 2004) . In brief, the bacterial suspension [2 9 10 5 colony-forming units (cfu) mL
À1
] was syringe-infiltrated into rosette leaves of 5-week-old A. thaliana. The bacterial growth was determined 3 days after inoculation.
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